In string theory, a scalar field often appears as a moduli of a geometrical configuration of D-branes in higher dimensional space. In the low energy effective theory on D-branes, the distance between D-branes is translated into the energy scale of the gauge symmetry breaking. In this letter, we study a phenomenological consequence of a possibility that the Higgs field is such a moduli field and the D-brane configuration is stabilized by a stationary motion, in particular, revolution of D-branes on which we live. Then, due to the Coriolis force, Higgs mode is mixed with the angular fluctuation of branes and the Lorentz symmetry is violated in the dispersion relation of the Higgs boson. The Higgs boson mass measurements at LHC experiments give an upper bound ∼ O(0.1) GeV for the angular frequency of the revolution of D-branes.
Introduction
Various configurations of D-branes have been investigated to construct realistic models of particle physics (for review see [1, 2] and references therein), and an important issue is how to stabilize such configurations: moduli stabilization. In most cases, static configurations are considered partly because they preserve some supersymmetries and thus the configurations are stable. In other cases, however, D-brane configurations in motion are also discussed, e.g. in the context of the early cosmology, especially as a stringy realization of inflationary universe [3, 4, 5, 6] . In addition, in a previous paper [7] we pointed out a possibility to utilize a stationary configuration, in particular a revolution of D-branes, as a possible mechanism for the electroweak symmetry breaking. The revolution of D-branes can at least classically stabilize the configuration of D-branes that are separated from each other. However, we need to answer two problems: destabilization by emissions of massless particles from D-branes and violation of the Lorentz invariance on D-branes.
In this paper we investigate how much the Lorentz symmetry is broken in the Higgs sector if the Higgs field is a moduli field corresponding to the distance of D-branes and the D-brane configuration is stabilized by revolution with the angular frequency ω 0 . In the present paper, we concentrate on the Lorentz violation itself and leave the mechanism of the stabilization for a separate investigation; i.e. we just assume that the centrifugal repulsive force is balanced with some attractive force between D-and anti-D-branes.
The Lorentz violation in particle physics are both intensely and extensively studied [8] but most of the studies are performed in the QED, gravity, and some of the standard model (SM) particles, but not much in the Higgs sector (see [9] ). In string theory, the Higgs may be very much different from other fields since the Higgs field may have a geometrical origin. Thus we cannot exclude a possibility that the Lorentz violation occurs only in the Higgs sector. In a scenario of the moduli stabilization based on a stationary motion of D-brane configurations, we find that the violation of Lorentz symmetry appear in the dispersion relations of a D-brane moduli field, which will be identified as the Higgs field. Lorentz violation does not occur in other SM fields because the centrifugal potential itself does not lead to a violation of Lorentz invariance and only the Coriolis force is relevant for the violation.
In the next section, we consider a simple system of a D3-brane revolving around the origin of an six-dimensional extra space which is perpendicular to our three-dimensional space of the D3-brane world-volume. The attractive potential for the D3-brane moduli fields is simply assumed here. In section 3, violation of the Lorentz symmetry in the Higgs sector is discussed and we show that the dispersion relation of Higgs is modified. In section 4, we introduce the gauge symmetry and discuss the Higgs mechanism in presence of the Lorentz violation in the Higgs sector. The last section is devoted to conclusion and discussions.
Higgs field on a revolving D-brane
The Higgs field is special and different from other fields in the SM. It is the only scalar field and the dynamics controls various important properties of the SM, especially the electroweak symmetry breaking and the generation of the fermion masses. Nevertheless, we do not know much about the Higgs sector: the origin of the Higgs potential, the hierarchy problem of the electroweak scale against various UV scales, or the stability of the vacuum.
In the following, we suppose that we live on a D3-brane in a ten-dimensional flat space-time 1 . Standard model (SM) particles including fermions and gauge bosons are assumed to propagate on the brane. Then what is the stringy interpretation of the Higgs field? In string theory, a scalar field may appear as a moduli field and its dynamics may be described by geometrical properties of the configuration. Here we consider a simple scenario that the Higgs field is a moduli field corresponding to the distance of D-branes, one at the center of the extra dimension and the other revolving around the center on the (X 8 , X 9 ) plane in the extra dimensional space. The embedding of a D3-brane in a ten-dimensional space-time is described by X µ (ξ) with µ = 0, 1, · · · , 9. They are the coordinates of the D-brane in the ten-dimensional spacetime and ξ a (a = 0, 1, 2, 3) are the coordinates of the D3-brane world-volume. We take a gauge such that X a = ξ a (a = 0, 1, 2, 3) are satisfied. The revolution of the D3-brane around the origin is described as
where ω 0 is the angular frequency of the revolution of the D3-brane, and determined later as a classical solution. The fields φ 8,9 (ξ) are the moduli fields on the D3-brane and represent the fluctuations of the D-brane in the rotating coordinate system. The low-energy effective action of the D3-brane moduli field is given by
where T 3 is the D3-brane tension and G ab is the induced metric
Ten-dimensional Minkowski metric is given by η µν = diag(−1, 1, · · · , 1) and we neglect the Bfield in the action for simplicity. Since we are interested in the dynamics of X 8 and X 9 fields, we set all the other irrelevant fields zero: X I = 0 (I = 4, 5, 6, 7). Then the induced metric of the embedding (1) is given by
where ∂ a ≡ ∂/∂ξ a . If we neglect the fluctuations of the D-brane moduli field and set, e.g., φ 8 = d (d is the distance of the D3-brane from the origin), the effective action becomes
The second term is nothing but the centrifugal repulsive potential of the revolving D-brane.
Including the fluctuations and assuming ∂ a φ 8,9 ≪ 1 and ω 0 φ 8,9 ≪ 1, we can expand the action S around G ab = η ab . At the lowest order (second order), the Lagrangian in the rotational coordinate system becomes
where ∂ a φ∂ a φ ≡ η ab ∂ a φ∂ b φ. The third term gives the centrifugal potential and and the forth term represents the Coriolis force, which mixies radial and angular motions of the D-brane. In terms of the normalized polar-coordinate fields (R,Θ) defined by
the Lagrangian is written as
The stationary motion of D-brane revolution is realized if an appropriate attractive potential V (R) is generated for the radial direction R of the moduli field. A simple example is
but it is not always the case, and we assume more general situations. There will be various possibilities for the origin of the attractive force. First we can consider a non-supersymmetric D-brane configuration; e.g., we put an anti-D-brane at the center. Then the D3-brane is strongly attracted to the origin and we will get a potential such as (9) with a large coefficient µ ∼ m string [10, 11] . Another possibility will be to consider a supersymmetric configuration. When D3-branes are at rest, there is no potential between D-branes since it is BPS. But if the D3-branes are in motion, very weak attractive force will be generated [12, 13, 14, 15] . In such a case, the potential V (R) depends not only on R but also on ω 0 . In the present letter, we just assume that an appropriate attractive force is generated that can balance the centrifugal repulsive force between revolving D-branes. In the effective Lagrangian (8), we especially note that the Coriolis term is generated which violates the Lorentz symmetry in the rotational frame. Hence, if Higgs is a geometrical moduli field and its vacuum expectation value is stabilized by revolution of D3-branes, the Coriolis force induces Lorentz-violating effects in the Higgs sector. It will be discussed in the next section. Also note that, in a rotationally invariant system, the angular momentum of the D3-brane is conserved and the distance R = R 0 and the angular frequency ω 0 are correlated as R 2 0 ω 0 = I where I is the angular momentum for a unit volume. Then the angular frequency is determined by the condition that R 0 ω
is given by (9) , the angular frequency is given by ω 2 0 = µ 2 + λR 2 0 . The Lagrangian in the rotational frame (8) can be, of course, directly derived from the ordinary Lagrangian in the inertial frame
by replacing Θ = ω 0 ξ 0 +Θ. Thus R = R 0 and Θ = ω 0 ξ 0 are solutions to the ordinary equations of motion
In the following, we study the linearized equations of motion for the fluctuations, R = R 0 +R and Θ = ω 0 +Θ, around the classical solution.
Lorentz Violation in the Higgs dispersion relations
In the rotational frame, the linearized field equations around the classical solution are given byR
where the dot means a derivative by ξ 0 and ω
For the potential (9), ω 2 eff = 2λR 2 0 . In general potential, these two frequencies ω 0 and ω eff can be chosen independently. Lorentz violating effects come from the Coriolis force; the radial fluctuationR and angular fluctuationΘ are mixed. Thus in order to obtain the dispersion relation, we need to diagonalize the equations of motion. Introducing the Fourier integral representations
the field equations are written aŝ
where p ≡ |p|. The dispersion relations can be obtained from the condition detL = 0;
which is solved as
A similar dispersion relation is discussed [16] in the context of fluctuations around timedependent background in cosmology. For the potential (9), M 2 = 2m 2 + 3λR 2 0 . The corresponding eigenvectors to the frequencies ω ± are given by
respectively. The Coriolis force mixes the radial component (the upper component) and the angular component (the lower component). Accordingly the Lorentz symmetry is broken.
In the small momentum region ω 2 0 p 2 ≪ M 4 , the dispersion relations can be expressed as
Thus as far as the condition ω 
where ǫ is a small number. Hence the ω + mode is almost the Higgs mode fluctuating along the radial direction while the other ω − mode is the angular mode. Due to the Coriolis force, they are slightly mixed. The dispersion relations (20) may indicate that the speeds of light are modified by the revolutions. But its correct interpretation is the amplitude-modulation effect. Consider a circular polarized light propagating in the z direction;
where A is the amplitude and ω = ck = p. In a rotating coordinate frame we can define
Now we see that the effective frequencies are modified as ω ± = (ω ± ω 0 ) and satisfies the modified dispersion relations ω
The modification is simply because the amplitudes oscillate with time in the rotating coordinate system. The apparent light velocity seems to exceed c = 1, but of course, it does not mean that the causality is violated. Similarly in our case, the fields in the inertial coordinate are massive with mass V ′′ (R 0 ) = ω 
Higgs mechanism in Lorentz violation
In the previous section, we concentrated on a single D-brane revolving around the center and showed that the Higgs field is mixed with the angular component by the Coriolis force which leads to the Lorentz violation in the dispersion relation. We now generalize the analysis to include gauge symmetry. Let us consider a stack of two parallel D3-branes. Then the scalar fields X I on the brane become 2 × 2 matrices
where τ 1,2,3 are Pauli matrices and τ 0 is the unit matrix. The low-energy effective Lagrangian on the D3-branes is represented by the Yang-Mills theory in four-dimensional spacetime. As in the previous section, we are interested in the motion of D3-branes on 8-9 space. The relevant part of the bosonic Lagrangian (setting T 3 = 1) is now given by
where µ, ν are summed over 0, 1, 2, 3 and A µ = A (α) µ τ α /2 are gauge fields on the branes whose field strength is given by
The scalar fields X I are in the adjoint representation of the SU(2) gauge group and the covariant derivative is defined by
where g is the gauge coupling constant. We study the gauge symmetry breaking in terms of the rotational coordinates φ 8,9 defined by (1) . Then the Lagrangian (27) becomes
In order to balance the repulsive centrifugal potential, we add an appropriate attractive potential V (R), where R 2 = i=8,9 (φ i ) 2 , such as eq. (9). Then the Lagrangian in the rotational coordinate frame is given by
where
Thus a new effect in the gauge theory is the coupling between the temporal component A 0 in the covariant derivative and the scalar fields φ i . Let us first look at the spectrum of various fields without taking Lorentz violating effects into account. Suppose that the classical solution is given by
Thus fluctuations in the φ 8 direction are radial modes while those in the φ 9 direction are angular modes along the revolution of the D3-brane. There are 8 scalar degrees of freedom of φ i,(α) (i = 8, 9 and α = 0, 1, 2, 3). U(2) gauge symmetry is spontaneously broken down to U(1)×U(1) and the W-bosons A 
µ remain massless, which correspond to the remaining U(1) × U(1) gauge symmetry. Since the gauge transformation δφ
, we can identify two componentsφ 8,(i) (i = 1, 2) as the would-be NG bosons and eaten by the longitudinal components of the gauge fields. In the Unitary gauge, we can setφ 8,(i) = 0 (i = 1, 2). Other 2 scalar components,φ 9,(i) (i = 1, 2) acquire masses m
2 ), whereφ 9 is fluctuation around φ 9 = 0, sõ φ 9 = φ 9 . We will see in the following that the mass m 2 S of these scalar fields is modified by the Lorentz-violating effect of revolution. Another scalar fieldφ 9,(3) remains massless since it is a NG boson associated with the global symmetry of the classical solution (32) satisfying (φ 8,(3) ) 2 + (φ 9,(3) ) 2 = R 
where we have dropped a total derivative term and terms cubic in fluctuations. The i = 3 component of the first term is the mixing between the Higgsφ 8,(3) and the angular modeφ 
where the charge density ρ (1) is modified by the effect of revolution;
The self-interaction terms of gauge fields are neglected. The second term of ρ (1) can be interpreted as an induced charge density associated with the revolution of D3-brane. An integration over A (1) 0 gives the non-local interaction
and gives a ω 0 -dependent correction to the mass m
But, for phenomenological reason, we are interested in the region ω
A and the correction is not so large.
Conclusions and Discussions
After the discovery of the Higgs boson, particle physics is thrown into confusion. We have not discovered any deviations from the standard model, but many important issues in particle physics are left unsolved, including dark matter, baryon asymmetry of the universe and dark energy; and the most urgent issue will be the origin of the electroweak symmetry breaking. The hierarchy problem, the stability of the electroweak symmetry breaking scale against various UV energy scales, will be a key to go beyond the standard model. There are many interesting proposals to solve the hierarchy problem, both in the bottom-up and in the top-down approaches, but there is no definitive solution yet. In such a situation, any unconventional idea may be worth being investigated.
In the present letter, we study a possibility of Lorentz violation in the Higgs sector. The idea behind is very simple. In string theory, we may live on a D3-brane embedded in a higher dimensional space-time and Higgs field is a moduli field representing a distance between Dbranes. Then the hierarchy problem is reinterpreted as a geometrical stability of the D-brane configurations in higher dimensional space. Like our solar system, the configuration may be stabilized by a stationary motion of D-branes, in particular revolution of D3-brane with an angular frequency ω 0 . If it is the case, Lorentz symmetry will be violated. The purpose of the present letter is to study possible consequences of such Lorentz violating effects. We show that the dispersion relation of the Higgs boson is modified through the Coriolis force. If the angular frequency is smaller than the Higgs mass, Lorentz violation is tiny and the Higgs dispersion relation (19) is given by
Note that other SM fields have the normal dispersion relations, and no effects of Lorentz violation appear, at least, at the tree level. It is because only the Higgs field has a geometrical meaning and is affected by the Coriolis force. From the Higgs boson experiments, we can get an upper bound of the angular frequency ω 0 . A produced Higgs boson decays into two neutral gauge bosons, Z and Z * , and then into 4 leptons. The recent data from ATLAS experiment [17] shows that the mass of the Higgs boson is determined as 124.79 ± 0.37 GeV from the 4 lepton decay channel. Since the Higgs boson momenta p vary event by event, the Lorentz-violating effect 4ω 2 0 p 2 /M 2 H also varies and it is misinterpreted as the statistical error for the Higgs boson mass. Suppose that the momentum variation is of the similar order of the Higgs boson mass [18] , the small experimental error 0.37 GeV suggests that the angular frequency ω 0 must be also as small as ω 0 ∼ O(0.1) GeV. Thus we already have a stringent constraint on ω 0 .
In the present letter, we simply assume that an appropriate attractive potential is generated to balance the centrifugal potential. If we start from a non-BPS configuration, a very strong attractive potential is generated and the typical angular frequency ω 0 is given by the string scale [7] , which is already excluded in the Higgs experiments. Furthermore such a stationary motion is unstable by emitting gravitons or other closed string particles. Thus in order to utilize the mechanism of revolution to stabilize the moduli field, it will be necessary to start from a BPS configuration, such as two parallel Dp-branes. When they are at rest, there is no potential and the static configuration is stable: the moduli potential is flat. But when they move each other, supersymmetry is broken and an attractive interaction is induced [12, 13] . It is now tempting to ask whether a bound state (or a resonant state) can be formed whose distance is much shorter than the string scale. In the D0-brane case, several previous studies [19, 20] suggest an existence of a resonant state. Higher-dimensional cases are not much studied. Besides an application to the electroweak symmetry breaking, D-branes in motion will play an important role in the string cosmology, especially a stringy realization of the primordial inflation [3, 4, 5] . It addition, importance of angular motion of D-branes is pointed out in [6] . Nevertheless Dbrane dynamics under motion are not yet fully understood. We want to come back to these problems in future investigations.
